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Abstract: We report a facile new route for the synthesis of self-crosslinked anion 
exchange membranes (AEM) without the need for any crosslinkers or catalysts. The 
soluble copolymers bearing flexible side chains, with alkene pendant groups, were 
synthesized via the Menshutkin reaction. The crosslinked derivatives were then 
prepared by the thermal crosslinking of the unsaturated side chains during the 
membrane formation process. 1H NMR was used to determine the content of available 
alkene groups before crosslinking, while in situ FTIR spectroscopy was used to 
confirm successful thermal crosslinking. This approach, distinct from the use of 
classical post-crosslinking processes, installs ionic cross-links (bearing trimethyl 
quaternary ammonium hydroxide functionality) between the polymer chains. This is 
to mitigate against excessive water uptakes and dimensional swelling on hydration 
(extremely low swelling ratio of 2.5% in-plane and 1.2% through-plane 30 oC), while 
retaining a high concentration of charge carriers (ion-exchange capacity) for target 
hydroxide conductivities. Additionally, the self-crosslinking strategy, and resulting 
dense crosslinked network, has the additional advantage of protecting the quaternary 
ammonium groups from hydroxide ions attack. The strategy produced an AEM that 
yielded a peak power density of 42 mW cm–2 in a H2/O2 fuel cell at 60 oC. 
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1.Introduction 
Alkaline anion exchange membrane fuel cells (AAEMFCs) have received 
growing interest in recent years relative to acidic proton exchange membrane fuel 
cells (PEMFCs) stemming from the perceived improvements in the kinetics of the 
oxygen reduction at high pH and facilitated use of non-precious metal catalysts.1, 2 
As a critical component in AAEMFCs, an anion exchange membrane （AEM） often 
exhibit lower conductivities compared to the acidic analogues, proton exchange 
membranes (PEM), due to the intrinsically lower mobility of hydroxide ions 
compared to protons.3 
In the past ten years, scientists have devoted increasing efforts to improve the 
hydroxide conductivities of AEMs via the introduction of highly basic ionic moieties 
or the tuning of the AEM’s ordered micro-phase segregations. To increase the basicity 
of ionic moieties, phosphonium hydroxides4,5,6,7,8, guanidinium hydroxides9,10,11 
(higher basicities compared to quaternized ammonium hydroxides) have been 
introduced by quaternization of halomethylated polymers using Menshutkin reaction. 
In general, the higher basicities of such ionic moieties results in an augmentation in 
both the number of dissociated hydroxides and the adsorbed water molecules, thereby 
facilitating hydroxide ion conduction. Although the development of recent novel 
AEMs represents a promising progress in the development of AEMs in recent years, 
they often continue to show much lower conductivities than perflorosulfonated PEMs, 
such as Nafion® (ca. 80 mS cm-1, 20oC), due to the inherently lower mobility of 
hydroxyl ions and the presence of less ordered self-assembly morphologies. 
Recently, the unique molecular architecture of Nafion®, which consists of 
hydrophobic polytetrafluoroethylene (PTFE) backbones and hydrophilic pendant 
perfluoroether side-chains terminated with sulfonic acid groups, has stimulated a 
whole new train of thought for membrane scientists, from the viewpoint of tuning the 
membrane morphologies of ionic side-chain-type AEMs. It is reported that ionic 
clusters, derived from aggregation of ionic side chains, can connect to each other to 
form continuous ionic transport channels12. Accordingly, a lot of AEMs bearing side 
chains, in which the pendant functional groups “hang on the top”13 or interlink the 
side chains and main chains14, 15, have been designed for morphology tuning purposes. 
To further improve the hydroxide conductivities, a larger number of ionic groups have 
been introduced onto the side-chains. Guiver et al. have reported AEMs containing 
pendant bis(phenyltrimethylammonium) groups16. Zhuang et al. have reported AEMs 
with side chain that contain double quaternize ammonium groups17. Our previous 
work has grafted quaternary ammonium-functionalized 4-vinylbenzyl chloride onto 
polymer backbones to prepare graft copolymer-type AEMs. The hydroxide 
conductivities varied with the lengths of the ionic grafts and reached a maximum of 
45 mS cm-1 at 30 oC.18,19 Increasing the ionic density of the side chains significantly 
enhances the polarity difference between the hydrophobic polymer backbones and the 
hydrophilic side chains, resulting in the formation of an ionic cluster morphology. 
However, materials with such high ionic contents generally suffer from undesirable, 
excessive water uptakes and dimensional swellings on hydration in water, unless new 
strategies are introduced to mitigate against this effect.
Covalent crosslinking has been considered as a promising technique to improve 
both the dimensional (swelling) and chemical stability of quaternary ammonium side 
chain-type AEMs. To date, typical in situ crosslinked AEMs have been developed via 
Friedel–Crafts electrophilic substitutions20,21 or olefin metathesis techniques22,23,24, 
which allow crosslinking during solution casting to yield AEMs with homogeneous 
morphologies. These in situ crosslinking strategies give the advantages of reduced 
water uptakes (swelling) and increased resistance to chemical degradation, without 
sacrificing conductivities relative to AEMs formed via post-crosslinking techniques 
involving additional crosslinkers. Moreover, crosslinks bearing ionic groups lead to 
increased ion incorporation, which in turn supports high conductivities. For example, 
Li and Hickner reported a crosslinked “comb-sharped” AEMs with conductivity of 40 
mS cm-1 and a low swelling ratio of 5.4% at 20 oC 23. 
Inspired by the in situ crosslinking strategy, we report a facile new route for 
self-crosslinked AEMs that does not require the use of crosslinkers or catalysts. 
Unsaturated side chains were attached onto aromatic backbones via the Menshutkin 
reaction and then in situ crosslinked during the membrane formation step via a 
thermal-only treatment. This approach incorporates crosslinks, bearing quaternary 
ammonium cations, between the polymer chains in order to mitigate against excessive 
water swelling and to enable the high ion contents required to provide favorable 
hydroxide conductivity. The effect of crosslinking on properties such as water 
swelling, ionic conductivity, membrane morphology, durability to alkali, and H2/O2 
fuel cell performance is presented and discussed.  
 
2.Experimental 
2.1. Materials 
Bromomethylated poly (2,6-dimethyl-1,4-phenylene oxide) (BPPO) was kindly 
supplied by Shandong Tianwei Membrane Technology Co. Ltd. (China). It was 
purified by dissolving into NMP, precipitating in methanol, and drying at 40 oC. 1H 
NMR indicates 57.8mol% bromobenzyl (Ph–CH2Br) and 42.2mol% aryl bromide 
(Ph–Br) per repeat unit. 2-(Dimethylamino)ethyl methacrylate (DMAEMA) (purity = 
99.5%) was purchased from Energy Chemical (China), while N-methyl-2-pyrrolidone 
(NMP, AR grade), N,N-dimethylformamide (DMF, AR grade), chlorobenzene (CB, 
AR grade), dimethyl sulfoxide (DMSO, AR grade), trimethylamine (TMA, gas) were 
purchased from Shanghai-Sinopham Chemical Reagent Co. Ltd. (China). All reagents 
were used as received without further purification. Deionized water (resistivity = 18.2 
Ω cm?) was used in all experiments.  
 
2.2. Synthesis of soluble BPPO-DMAEMA copolymer   
Soluble BPPO-DMAEMA copolymers were synthesized using the Menshutkin 
reaction. Typically, BPPO (1.0 g) was dissolved in NMP (15 mL) at 20 oC in a dried 
25 mL three-neck round bottom flask equipped with a magnetic stirring bar. After the 
complete the BPPO had dissolved completely, DMAEMA (0.736 mL) was added 
dropwise (BPPO:DMAEMA reaction ratio = 1:1.5). The reaction mixture was stirred 
at 20 oC for 12 h. The final BPPO-DMAEMA copolymers were obtained by 
depositing into anhydrous diethyl ether. Excess DMAEMA monomers were removed 
by repeatedly washing of the product copolymer with ethanol. The purified 
copolymers were dried under vacuum at 40 oC for 48 h before characterization using 
NMR. Additionally, to investigate the effect of reaction temperature, another three 
reactions were conducted with stirring over a range of elevated temperatures (40 oC, 
50 oC and 65 oC) in order to check for the gelation point. 
2.X. Synthesis of crosslinked AEMs 
To fabricate crosslinked membranes, the purified BPPO-DMAEMA copolymer 
(above) was dissolved in NMP to form a casting solution of 25 wt%, which was then 
cast onto 4 separate glass plates. The cast films were then heated at 40 oC, 60 oC, 80 
oC, and 100 oC (one temperature per glass plate) for the simultaneous removal of 
solvent and to perform crosslinking. Evaporation of NMP (with a high boiling point) 
take a long time but has the advantage of ensuring complete crosslinking. After this 
drying-curing process, flexible, transparent, and yellow-tinged AEMs were obtained: 
these are designated as BPPO-DMAEMA-x (x= 40, 60, 80, and 100 – where x 
represents the drying temperature used). All membranes were fully converted to the 
Cl– anion form via immersion in aqueous NaCl (1 mol L-1) solution at room 
temperature for 24 h, followed by thorough washing with deionized water to traces of 
remove residual ions from the ion-exchange solution. The AEMs were stored in 
deionized water until required (see below). 
 
2.3 Characterizations 
The structures of the starting BPPO and the BPPO-DMAEMA copolymer were 
characterized using 1H NMR Spectroscopy (DMX 300 NMR spectrometer with a 1H 
resonance at 300 MHz). Chloroform-d (DCCl3) and dimethylsulfoxide-d6 
(CD3SOCD3) were used as solvents, respectively. In situ Fourier transform infrared 
(FTIR) analysis was performed at different temperatures using a Nicolet iS10 FTIR 
Spectrometer (Thermo Nicolet Corporation, USA) equipped with a DTGS detector 
and a HT-32 heated, demountable cell. A dry sample of BPPO-DMAEMA-40 was 
clipped within the transmission card holder and was mounted in the cell. A spectrum 
of the AEM was first collected at 30 oC as a background (spectral resolution of 1 
cm-1). Then, without moving the sample, spectra were recorded over a range of 
increasing temperatures from 30 – 100 oC. Phase images of BPPO-DMAEMA-40, 
BPPO-DMAEMA-80, and BPPO-DMAEMA-100 were recorded using atomic force 
microscopy (veeco diInnova SPM) under a non-contact mode (lateral scan frequency 
of 0.1 Hz).  
The ion exchange capacities (IEC) of AEM samples were determine by 
calculating the amount of quaternary ammonium ions per gram dry membrane. Firstly, 
Cl– ions were exchanged by SO42– anions by immersing the AEM sample under study 
in aqueous Na2SO4 (0.5 mol L-1) for 8 h. Then, the concentration of released Cl– ions 
was determined by titration using aqueous AgNO3 (0.1 mol L-1) and XXX as the 
indicator. IEC values were calculated from the amount of consumed AgNO3 at the end 
point and data is expressed as mmol g-1 of dry membrane (in Cl- form). 
Gravimetric water uptakes (WU) and the dimensional swelling ratio (in-plane and 
through-plane) were determined by measuring weight, length, and thickness changes 
(of the OH- form AEMs) before and after hydration. A sample of the membrane (4 cm 
in length and 1 cm in width) was immersed in deionized water at a controlled 
temperature for 24 h. The hydrated sample was then wiped with tissue paper (to 
remove excess surface water) and its mass and thickness were quickly measured. 
HOW WERE MEMBRANES DEHYDRATED? WU and dimensional swelling ratio 
were calculated as follows: 
WU(%)=100% ( ) /wet dry dryW W W× −            (1) 
wet dry dryThrough plane  dimensional swelling ratio(%) 100% (T T ) / T− = × −　  (2) 
wet dry dryIn plane  dimensional swelling ratio(%) 100% ( L L ) / L− = × −　   (3) 
where Wwet and Wdry were the mass of hydrated and dry AEM sample, Twet and Tdry 
were the thicknesses of the same sample when hydrated and dehydrated, respectively, 
and lwet and ldry were the lengths of the sample when hydrated and dehydrated, 
respectively. 
The OH– ion conductivity was measured following a commonly encountered, 
standard four-point probe technique25 using an Autolab PGSTAT 30 (Eco Chemie, 
Netherland) potentiostat alongside a Teflon conductivity cell. All of the AEM samples 
were immersed in aqueous NaOH (0.1 mol L-1) at room temperature for 12 h, 
followed by thorough washing and immersion in DI water for at least 12 h before 
testing. During the measurement, a membrane sample was clamped into the cell, 
which was then placed inside an oven with controlled temperature and humidity: 
measurements were immediately conducted in order to eliminate potential errors 
caused by the reaction of the OH– ions with dissolved carbon dioxide. The testing 
procedure was carried out in galvanostatic mode (monitored using a Bode plot) with a 
current amplitude of 0.1 mA and a frequencies range of 1 MHz – 50 Hz. The ionic 
resistance of membrane was then obtained from a Nyquist plot. The OH– conductivity 
was calculated according to the following equation26:  
RWd
L
=κ               
where R is the absolute ohmic resistance of the AEM sample, L the distance between 
potential-sensing electrodes (= 1 cm for the test cell used) and W and d are width (= 1 
cm ) and thickness of the membrane, respectively. 
The alkali stabilities of the AEMs were tested by monitoring the change in OH– 
conductivity after being immersed in alkali solution for controlled lengths of time. 
Typically, BPPO-DMAEMA-100 membrane samples of controlled shape (1 cm × 4 
cm) were immersed in aqueous NaOH (1 mol L-1) solutions at 60 oC. Samples were 
removed, one by one, within a 400 h period, and each was washed thoroughly using 
deionized water (to remove the excess NaOH) before being immersed in deionized 
water prior to the measurement of ionic conductivity.  
Fabrication of the membrane electrode assembly (MEA), and typical 
beginning-of-life H2/O2 fuel cell test procedures were as reported previously 27, 28. A 
mixture of the catalyst (20 %wt Pt/C, Johnson Matthey HISPEC 3000, supplied by 
Alfa Aesar) and poly(vinylbenzyl chloride) in ethyl acetate solvent was sonicated and 
then sprayed onto carbon paper gas diffusion electrode substrates, until Pt loadings of 
0.4 mg cm-2 (geometric) were achieved. The ink-treated electrodes were then 
immersed in N,N,N’,N’-tetramethylhexane-1,6-diamine (99%, Acros Organics) 
overnight to form the crosslinked alkaline anion-exchange ionomer (designated 
SION1 alkaline ionomer), and then were thoroughly rinsed with deionized water. 
The membrane electrode assembly (MEA) was prepared by sandwiching the 
OH– form BPPO-DMAEMA-100 AEM between two electrodes without hot-pressing. 
The beginning-of-life performances of the MEAs (active geometric area of 5.3 cm2) 
was recorded using a Scribner 850e fuel cell test station (Scribner Associates Inc., 
USA) without back pressurization of the gas supplies. Fuel cell test was conducted at 
60 °C, with H2 and O2 gases (anode and cathode, respectively) with flow rates of 600 
cm3 min–1 and controlled at a relative humidity of RH = 100% (calculated from the 
dew point temperatures of the gases and the cell temperature of 60 °C). 
 
3. Results and discussion 
3.1 Investigation of the crosslinking process 
 
Fig. 1 The methodology used to produce the soluble intermediate BPPO-DMAEMA copolymer 
and the target crosslinked BPPO-DMAEMA-x anion-exchange membranes (AEM): (a) Synthesis 
of the initial NMP soluble BPPO-DMAEMA copolymer; (b) The effect of the reaction on the 
production of BPPO-DMAEMA copolymer; (c) Schematic of the NMP soluble 
BPPO-DMAEMA-x copolymers (drying T < 50 °C) and the NMP solubility of the 40 °C 
exemplar; (d) Schematic of the crosslinked BPPO-DMAEMA-x AEMs (drying T > 60 °C) and the 
solubility of the 100 °C exemplar in NMP. 
 
Fig. 2 The 1H NMR spectra of BPPO, the NMP soluble BPPO-DMAEMA intermediate copolymer 
and the BPPO-DMAEMA-40 soluble copolymer. 
The soluble BPPO-DMAEMA copolymer and crosslinked BPPO-DMAEMA-x 
AEM were prepared according to Fig. 1a. Copolymers bearing unsaturated side chains 
were synthesized using the Menshutkin reaction and a molar ratio of 1:1.5 between 
the BPPO bromomethyl groups and the DMAEMA tertiary amine groups. The 1H 
NMR spectra of BPPO and BPPO-DMAEMA copolymer are presented in Fig. 2. The 
appearance of a peak at 3.2 ppm, which is ascribed to methyl or methylene groups on 
the QA groups, provide an initial indication of the success of this reaction. The peak 
due to the benzylic protons shifts from 4.3 ppm to 4.5 ppm due to the deshielding 
effects of the QA groups. The two protons signals expected for the pendant alkene 
functionality are observed at 5.6 and 5.8 ppm, indicating that alkene groups are not 
involved in any crosslinking while the reaction temperature is kept low (20 oC). 
However, the observations presented in Fig. 1b suggests that the reaction is 
temperature dependent. When temperature is < 50 oC, the reaction mixture remains 
transparent and homogeneous, but when a temperature of 65 oC is used the reaction 
leads to a gel. This provides evidence that the thermal initiated crosslinking, between 
pendant alkene groups, can occur at such temperatures with no need of catalyst. 
The crosslinked AEMs were fabricated by casting a solution of 
BPPO-DMAEMA in NMP (25 wt%) and slowly evaporating the (high boiling point) 
solvent at temperatures > 60 oC. A schematic of the crosslinking process is illustrated 
in Fig. 1c and d. The inset to Fig. 1c (left) shows that BPPO-DMAEMA-40, dried at 
40 oC, immediately dissolves in NMP, suggesting that the pendant alkene groups had 
not crosslinked. The presence of alkene protons signals in the 1H NMR spectrum of 
BPPO-DMAEMA-40 (Fig. 2) is consistent with this. In contrast, the 
BPPO-DMAEMA-40 membrane is insoluble in the NMP after further heating at 100 
oC showing that the crosslinking strategy is viable. 
 Fig. 3 FTIR spectra of BPPO-DMAEMA-40 AEM heated at different temperatures 
In-situ FTIR analysis was employed to further investigate the temperature 
dependence of the self-crosslinking of the pendant alkene groups. The FTIR spectra 
of the initial un-crosslinked BPPO-DMA-40 membrane before and after increasing 
thermal treatment are presented in Fig. 3. The double peaks at 1630 and 1600 cm-1 are 
attributed to the vibrational modes of pendant alkene groups (-CH=CH2), while the 
multi-peak in the range of 2925 – 3075 cm-1 are attributed to the vibration of 
methylene (–CH2–) groups. The intensity of the alkene peaks decreases on increasing 
temperature treatment (30 oC to 100 oC). In contrast, the intensity of the methylene 
peaks increases on increased thermal treatment temperatures. The self-crosslinking 
process is clearly temperature dependent where more and more alkene groups react 
with each other, yielding crosslinked networks in the AEM, with the use of increased 
temperatures. 
 
Fig. 4 AFM phase images of: (a) BPPO-DMAEMA-40; (b) BPPO-DMAEMA-80; (c) 
BPPO-DMAEMA-100. (d) A simple schematic of the proposed crosslinked ionic network. 
It should be noted that copolymers bearing flexible, functional side chains lead to 
the more facile formation of highly ordered morphologies with nano-phase separation 
(between the rigid main chains and flexible side chains). AFM analysis demonstrates 
that phase separation has occurred during the formation of the membranes in this 
study. The AFM phase image of BPPO-DMAEMA-40 (Fig. 4a) suggests that the 
quaternized unsaturated side chains form continuous hydrophilic channels (dark 
domains) in the hydrophobic main chain phase (light domains). Distinct nano-phase 
separation morphologies also were observed in the crosslinked AEMs 
(BPPO-DMAEMA-80 and BPPO-DMAEMA-100 in Fig. 4b and 4c), which suggests 
that the self-crosslinking process does not depress the degree of phase separation in 
the resulting AEMs. Considering that crosslinking happens between the side chains, it 
is possible to conclude that the crosslinked AEMs possess a much denser distribution 
of ion transport channels (illustrated in Fig. 4d), which looks promising considering 
our aim of producing AEMs with depressed water swelling (even at relative high 
temperatures). To see if this is the case, the effect of crosslinking on AEM properties 
such as IEC, water uptakes, dimensional swelling ratio, hydroxide conductivity, and 
alkaline stability was studied (see below). 
 
3.2. IEC, Water uptake and swelling ratio of crosslinked membranes 
 
Fig. 5 Water uptake and IEC values of the AEMs crosslinked at the different temperatures. 
Charged functional groups, which attract water molecules, play an important role 
in the construction of hydrophilic environments that support ion transport. Hence, 
increasing the ionic content (commonly measured as IEC) is a common strategy for 
the improvement of ion transport within an ion-conducting membrane. However, this 
strategy often leads to excessive membrane swelling on hydration (with high IECs). 
The aim of this study is to use self-crosslinking (of the ionic side chains) to construct 
dense hydrophilic networks to depress water swelling in the AEMs even if they 
possess high IECs. Fig. 5 presents the IECs and water uptakes of the AEMs formed 
using the various drying temperatures. The IECs remain invariant with drying 
temperature (at ca 2.2 – 2.3 mmol g-1), whereas the water uptakes decrease from 75% 
to 24% on increasing drying temperature. According to the target reaction scheme 
presented in Fig. 1, no ionic groups or any atoms are sacrificed during crosslinking; 
the lack of mass change before and after crosslinking is consistent with the constant 
IEC values. In addition to water uptakes, excellent dimensional stabilities (preferably 
at high temperatures) is also required for real-world fuel cell operation. High 
dimensional changes in the membranes between dehydrated and hydrated states 
(either in the through-plane and even more significantly in-plane directions) will 
cause the separation of the electrodes from the membrane of the membrane electrode 
assembly (MEA). This will result in fuel leakage and voltage losses during fuel cell 
operation. Fig. 6 exhibits the dimensional swelling ratio of the BPPO-DMA-40 and 
BPPO-DMA-100 membranes in the in-plane and through-plane directions as a 
function of temperature. Specifically, the highly crosslinked BPPO-DMA-100 
membrane possesses an extremely low in-plane SR of 2.5% and through-plane SR of 
1.2% at 30 oC, and retains excellent dimensional stabilities of < 15% swelling ratio at 
temperatures < 60 oC. For un-crosslinked BPPO-DMA-40 membrane, it swells too 
excessively and falls into pieces when the temperature is > 40 oC. This significant 
difference between these two exemplar membranes provides further evidence of the 
excellent control of swelling achieved with the self-crosslinked type. 
 
Fig. 6 In-plane and through-plane swelling ratio (Equations 2 and 3) of the BPPO-DMAEMA-40 
and BPPO-DMAEMA-100 membranes. 
 
3.4 Fuel cell related performance 
 
Fig. 7 The fuel cell-related performances of select membranes. (a) Hydroxide conductivity as a 
function of temperature; (b) Hydroxide conductivity of the BPPO-DMAEMA-100 AEM as a 
function of aging time [immersed in aqueous NaOH (1 mol L-1) solutions at 60 oC]; (c) Single cell 
beginning-of-life H2/O2 fuel cell performance of BPPO-DMAEMA-100 at 60 °C (fully hydrated 
gases with no back pressurization). 
In addition to dimensional stability, favorable hydroxide conductivities and 
chemical stabilities are required for realistic fuel cell operation. Fig. 7 presents the 
hydroxide conductivities, an initial indication of alkaline stability, and an initial fuel 
cell performance of select crosslinked membranes. As expected, the hydroxide 
conductivities increase with temperature. However, the conductivity is dependent on 
the crosslinking temperature used in the synthesis process. For example, 
BPPO-DMA-60 possesses a conductivity of 32 mS cm-1 at 30 oC, whereas 
BPPO-DMA-80 and BPPO-DMA-100 exhibit lower conductivities of 25 mS cm-1 and 
21 mS cm-1, respectively. As shown in Fig. 5, all three membranes have the same 
IECs (i.e. the same amount of ionic groups per g of dry AEM) and vary in the degree 
of crosslinking. If uncrosslinked, it would be expected that they would adsorb the 
same amount of water molecules (as medium for hydroxide ions transport); the 
situation, however, changes when crosslinking occurs. During film formation at the 
lower drying temperatures, the flexible hydrophilic side chains twist to form 
hydrophilic clusters, which will swell until saturated by the adsorbed water molecules. 
When membrane formation occurs at the higher drying temperatures, the side chains 
twist and crosslink to each other to form much denser clusters, which will adsorb less 
water molecules due to the restraint of the denser crosslinked networks. A relatively 
high crosslinking degree appears to lead to a slight decrease in hydroxide conductivity. 
Moreover, the crosslinked membranes possess hydroxide conductivities of 21 – 35 
mS cm-1 at 30 oC, which are comparable to other reported crosslinked AEMs22, 23, 24 
and meets the basic requirement for application of the membranes in AAEMFCs (>10 
mS cm-1 at 25 oC) 29. These results suggest that the thermal crosslinking strategy 
presented significantly mitigates against AEM swelling, whilst minimizing reductions 
in hydroxide conductivity. The BPPO-DMA-100 sample has the lowest swelling ratio 
but retains a favorable conductivity, suggesting its potential for application in 
AAEMFCs. 
Alkaline stability is the biggest challenge with the development of AEMs (and 
ionomers) for AAEMFCs. For QA-type AEMs, degradation of the QAs by the the 
nucleophilic OH– ions is unavoidable (via β-hydrogen elimination and direct 
nucleophilic substitution at a α-carbon2,30). In this study, the self-crosslinking strategy 
may have the advantage of protecting the QA groups from OH– attack. The 
BPPO-DMA-100 AEM remains intact, transparent, and flexible after immersion in 1 
M NaOH at 60 oC for 24 d, while under comparable conditions typical benzyl 
trimethyl QA-based PPO membranes become very brittle due to severe degradation. 
Fig. 7b shows the change of hydroxide conductivity of BPPO-DMAEMA-100 as a 
function of the alkali ageing time; the data shows a small but rapid initial decay 
followed by a levelling off of the conductivity loss. A drop in conductivity of < 20% 
of the initial conductivity over 48 h was observed at the ageing temperature of 60oC. 
This gives a preliminary indication of the level of ex situ alkaline stability of 
BPPO-DMA-100. Longer term testing (along with more in depth studies including in 
situ stabilities) is, however, required as future work to further study the long term 
stabilities. 
Fig. 6c shows the initial H2/O2 fuel cell performance of BPPO-DMA-100 at 60 oC. 
A peak power density of 42.5 mW cm-2 at a current density of about 200 mA cm-2 (X 
V) was achieved. The performance may be enhanced if there is an improvement in the 
chemical compatibility between alkaline ionomer in the electrode used (non-PPO 
polystyrenic system) and the crosslinked AEM (PPO-based); the ionomer, which was 
prepared by treatment of poly(vinylbenzyl chloride) with 
N,N,N’,N’-tetramethylhexane-1,6-diamine26, 27, shows a poor chemical compatibility 
with the crosslinked AEM leading to the high contact resistances and poor MEA 
lamination observed. Further effort is to be made in the future to improve the fuel cell 
performance by developing suitable alkaline ionomers and via the optimization of the 
testing conditions. 
3. Conclusion 
In summary, self-crosslinked AEMs were prepared by a novel, facile route 
without the needs of additional crosslinkers or catalysts. NMP soluble copolymers, 
bearing flexible side chains with alkene pendant groups, were initially synthesized 
and these were then thermally crosslinked during the membrane formation step. The 
in situ crosslinking significantly mitigates against water swelling (extremely low 
swelling ratios of 2.5% and 1.2% [in-plane and through-plane, respectively] at 30 oC 
were achieved with the 100 oC dried membrane) without sacrificing the amount of 
charge carriers (ion-exchange capacity) or the ionic hydroxide conductivities. 
Additionally, initial indications suggest that the self-crosslinking strategy can lead to 
reasonable alkali stability (via protection, from OH– attack, of the quaternary 
ammonium groups via the presence of the dense crosslinked network morphology. 
The AEM yielded an initial H2/O2 fuel cell performance of 42 mW cm-2. 
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